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Introduction

This work investigates the mechanism of conductivity in the intermetallic
phase of fixed composition :Jgssbe. On the basis of the data obtalned a con-
c¢lusion is reached concerning the semiconductivity of Mg3Sb2. .

&

It is customary to distinguish several types of intermetallic compounds.
First, intermetallic chemical compounds of constant, or fixed, composition
are Daltonides, according to the terminology of Kurnakov /3/. Daltonides are
formed in accordance with normal chemical valency of the components and possess
a crystailic structure characteristic of compounds with heteropolar and homeop-
. olar chemical bonds. To compounds of this type there corresponds, on the iso- b
therms cf the constitution-property diagram, a rather sharply-expressed singu- §
lar point due to the structure of the crystallic lattice, which (structure) is
distinguished from the structures of intermediate alloys.

- The second group of typical intermetellic compounds is formed by so-called
“"electron compounds" or phases of Yum-Rozeri [ 2_7. Compounds of this type are
characterized by a definite value for the ratio of the number of valence elec-
trons to the total number of atoms in the "cell." These electron-atom ratios,
which can pe called "the alloy valences," vary with the composition of the
phases in certsin limits /3, U
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The Yum-Rozeri rule can apparently be described as a free-forming va-
lence rule for intermetallic compounds with a mainly metallic bond which ie
realized by way of a collectivization of the valence electrons belonging to
the atoms of the components making up the alloy. However, in these alloys
exists heteropplarityy, whose influence cannot be disregarded. This follows
from considerations first indicated by Dehlinger 55__7 Intermetallic com-
pounds of the Yum-Rozerli type are :xceptional cases of the most common type
of chemical compounds of fixed composition, that is, phases with a wide region
of existence on constitution diagrams (bertollides).

To the third group of chemical intermetallic compounds belong compounds
with an obscure regularity of composition. In these compounds, the rule of
normal valence and the constancy of the ratios of the number of valence elec-
trons to the mumber of atoms in the elementary cell are not observed.

Intermetallic compounds of fixed composition with stoichiometric formulas,
~onstructed according to the rules of valence in classical chemistry, are
formed only among metals standing on both sides of the so-called "Zintl" boun-
dary [ 6_7, lying between the true metals and the anion-formers. The valence
metallic compounds are formed where the negative valence of the anion does not
exceed four. Such compounds are crystallized in structures characteristic of
compounds with ionic or co~valence bond and are characterized by small coordina-
‘tion numbers; that is, incomplete packing of atoms. .Besides many sulfides,
selenides, and tellurides, to such compounds belong, for exampls, AlAs, InSb,
GaP, GaSb and others with lattices of the zinc blende type; SnSb, SnAs with the
lattice of rock salt; MgoSi, MgoGe, MgoSn and others with the structure of anti-
isomorphic fluorspar; PtAsp, AuSbp, PdAsp, PiSby. mnd others with a cubic lat-
tice, namely M53N2, MgaABE, Mg3Po, and with a hexagonal lattice like Mg3Sb2: and
MgqBip, which are a.nti-t.lmrpgic to the oxides Scp03: andiLap03; Therefore, only
in~the structure of the fluorspar type is homeopolar valence of silicon and others
equal to the coordination number of these atoms, that is, to four. It is only
in this case that pure homeopolar spin bonds are possible.

In all other cases, "salt-forming" structures indicate that atoms are over-
charged by transition of electrons to anion-formers As, Sm, Sb, Bi, and others,
with the formation, at least partially, of ionic bonds. Especially clear is the
heteropolarity of the valence compounds of alkall and alkaline-earth m:tals pos-
sessing & strong tendency to the formation of positive ions. Examples are L13B1 N
Cs3Sb, Nl.3Bi, CacSn, and others.

Metallic phases with heteropolar bonds differ significantiy from salt-like
heteropolar compounds. Among these latter, the Coulomb forces between ions are
the most significant forces of the chemical bond. The dispersion forces added to
these forces play an. insignificent role [ 7_7. In consequence of this, neutral

.atons located between lons are bound weakly and therefore are stable for only
very insignificant deviations from the stoichiometric composition depending upon

the normal valence of .ions. However, intermetallic heteropolar phases in solid
compositions observe rather large regions of homogenicity; that is, deviations

.from stolchiometric composition.

Dehlinger [ 8_7 formulated conditions governing the formation of heteropolar
metallic compounds.

In general, the stability of such compounds 1s greater the more electropos-
itive the metal and the more electronegative the anion-formers.

- The zone theory of solids draws & sharp line between metals and other con-
ductors of electricity. The presence of an unfilled band or overlapping band of
energy levels in metals does not require expenditure 03 energy for the emergence
of conduction electrons. The electrical conductivity of metals imcresse in tem-
perature because of th_e decreasing influence of thermal motion of the lattice upon
the mobility of the conduction electrons. The amount of the residusl resistance
in metals is smaller the purer the metal and the less the influence of admixed
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A semiconductor mechanism of conductivity, connected with the passage of
electrons from the filled band to the conductivity zone, becomes noticeable

only for high temperatures, the higher the greater the initial concentration of
"metallic" electrons (or holes) in the sample. .

o

It is necessary to consider semiconductors of such a nature as an example
of an additive structure of semiconductive mechanism plus metallic mechanism.
The existence of the forbidden zone in the energy spectrum of a crystal is
maiked by the "metallic" electrons of the atoms of the admixture, whose (l.tgms)
pumber even for a deviation from stoichiometry of the order of 0.0l atomic per-
cent exceeds the number of thermally-excited electrons of the basic lattice of
the crystal. Only for comparatively high temperatures does the ratio sharply
decrease: the number of thermally-excited electrons is many times greater than
the number of electrons of the admixed atome, and the expornential dependence
of electrical conductivity upon temperature permits one to determine the width
of the forbidden zone. Roughly speaking, these semiconductors behave at low
temperatures as metals and at high temperaturss as semironduttors. i (For dute
on. Ge.and. S1, exayples.of sie Itype -of isemiconims tors sdescrived, ‘seelTtamIR6is: -

th

i this. Bivlioghaphy. 36 indhe Lo raph

In any case chemical compounds possess smaller electrical conductivity
the more they are saturated and the narrover the region of homogeneity on the
consiitution disgram, that is, the more accurately they follow the rule of mul-
tiple proportion. Any deviatior of this kind 15 a necessary condition for the
appearance of electrical conductiviiy. The degree of departure from the rule
of multiple proportion in typical ions and homeopolar compounds increases with
increase in temperature. Intermetallic alloys even at low temperstures are
characterized by noticeable deviations from the rule of multiple proportions,

. which fact is completely regular if one keeps in mind the nature of the forces
* of chemical interaction acting in them.

~ As already indicated, intermetallic compounds with normel valence must

* probably be considered as a transitlon from (&) norwl valence compounds, with
a narrow region of possible devistions from stoichiometry to (b) compounds
formed by metals with weak anion-formers, with wider boundaries of deviation .

from stoichiometry.

The mechanism of conductivity in such alloys is insufficiently clear. The
aim of the present work is to attempt to enalyze this problem.

It was possible to assume a-priori that intermetallic compounds of this
class are typical semiconductors, characterized by the presence of s forbidden
zone ir the crystal's system of energy levels.

‘

The. problem of the width of the forbidden zone, the character of the
distribution of admixed levels, and the determination of the concentration of
the electrons of the admixture and of the electrons of the basic lattice of
khe~compandd can be solved only by the introduction of measurements of such
quantities as electrical conductivity, Hall effect, thermoelectromotive force,
internal photoeffect, and others in a wide interval of temperatures. These are
determined by the experimental side of the work.

Selection of Material for Investigation

. The object selected for inyestigation was the intermetallic compound of .
fixed composition Mg3Sbpo. The position of this substance in the general system
of magnesium compounds is well illustrated in Tsble 1, & collated table borrowed
by us from a survey article by Laves /12 7.

The elements with respect to the right side of "Zintl's boundary” (that 1is,
anion-formers) give, along with Mg, compounds having only valence compositioan
wikth crystallic structures characteristic of typical salt-forming compounds. On
. the other hand, elements located left of this Boundary form, with Mg (besides MgsGep;
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MgcIny and MgsTlg), compounds of rather chance stoichiometric composition, which
(compounds) possess structures like that of metals and true alloys.

The ion bond in MgaSbo 1s sharply expressed, although Sb is an anion-former
paturally very much weaker than, say, S or Se. (The bond in MgoSn and other
compounds of the IV group are no longer purely lonic. Here, probably, the essen-
tial vole is played by the usual spln bond, increasing from MgoSi to ~Pb). The
constitution diagram of alloys of Mg with Sb is shown in Figure 1 [i}_ . MgaSby
with surplus Mg forms composite crystals and exists in two modifications. he
alpha &=> beta conversion of Mg3Shp 1s observed between 40 and 44 percent
Sb, according to the pause on the cooling curve for 930 degrees plus or minus
2 degrees centigrade. From the side of surplus Sb, Mg3Sbp apparently does not
form composite crystals. The beta-modification of Mg S’oeiiss&ﬁlb&ei‘forhh;ghttem-
peratures and is still less "metallic" according to 113:5 properties than the
alpha-modification. This Is indicated by the high melting point and large heat
of formation, reaching 13.7 calories/grl.m . mole, and also by the lattice struc-
ture. According to Zintl and Husemann ﬁ_37, alpha-Mg35b2 possesses the trigonal
A-structure of lanthanide sesquioxide; but bets-MgqSbp possesses the cubic struc-
ture of lanthanide sesquioxide. From the constitution diagram it follows that
the chemical composition of Mg3Sbp is steble and practically does not dissociate
during melting to the atoms of the elcments. Alloys right and left of the pure
chemical composition differ sharply from each other: on the left there are no
free atoms of Sb, and on the right there are no free atoms of Mg.

.

Method of Operation

In order to investigate the electrical properties of the compound Mg3Sbp,.
we strove to prepare samples of alloys with the composition corresponding as
closely as possible to stoichiometry. In the first trials, the samples were
generally prepared by melting Sb and Mg in crucibles of electrographite or-
very pure Acheson graphite under a layer of graphite powder. The heating was
carried out in large molybdenum furnaces in an atmosphere of dry argon. The
melting of Mg and Sb, according to the instructions of Grube and BornhaXx ﬁE7,
was carried out thus:; the crucible was first filled with p'eces of Mg anu
afier that it was covered on top with Sb. During heating of the crucible, the
Sb begins to melt first of all and fiows into the interstices between the Mg,
slowly reacting with the Mg pieces. In the opposite case, the reaction goes
very violently, with ejection of part of the fused masses, Next, because of &
the evolution of much heat of reaction, the Mg is fused and the reaction pro-
ceeds to completion. Here the product of reaction remains solid and fuses only
for considersbly higher temperatures.

Obtaining an alloy with a composition close to Mg3Sbp was hampered by the
fact that one of the components, usually Mg, was sligh%ly burned out in the
melting process, - ’

With the object of obtaining quite homogeneous samples, we placed the
alloys in iron cyucibles""‘in an atmosphere of argon or nitrogen. A slow increase
in temperature up to 1,400-1,500 degrees wentigradecims effected inthes course of 8-10
hours, and after that the alloy was allowed to cool for 6-8 hours. We succeeded
in obtaining rather homogeneous coarse polycrystallic samples. The samples for
investigation of electrical properties were prepared from the alloy by sewing in
the form of small parallelepipeds or were pressed from crushed alloy in a special
form under pressures from 250 to 2,000 kilograms per square centimeter.

In order to eliminite nonhomogeneities the prepared samples were made homo-
o geneous by annealing in evacuated glass ampoules made of hard glass at a temperature
7 500-600 degrees centigrade for 10 to 12 hours. Part of the saxnples were annealed
for longer periods of up tc 2 drys. -

The homeogeugity of the samples was verified by chemical analysis and by
study of microsections under a metallo-microscope.

-5 -
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We heve made attempus to group coarse monocrystals of the compounds
Mg3Sby according to Obreimov's method. Tubes with conical ends were pre-
pafed by us from quartz, graphite and iron. However, our attempts ended
unsuccessfully. Invarisbly we obtained coarse granular crystallites. i

Magnesium for the preparation of the samples was triple-sublimated in
vacuo. Thra content of admixture in them did not exceed 0.05 percent. Two
kinds of antimony were used, Chinese and Kalbaum. The content of impurities
in both did not exceed 0.17 percent. (A. P. Obukhov, Chemical Laboratory,
Leningrad Physical Technical Institute, assisted in these analyses.) The
samples prepared for measurements were kept in evacuated glass ampoules or in
a desiccator with P205 or CaCl, to preserve them from oxidation and the action ,

of water vapor.

In 20-x microphotographs of microsections of Mg-Sb alloys of different
constitutior (4O percent Sb, 60 percent Mg, and 75.25 percent Sb, 24.7T5 per- ,
cent Mg) were ciearly visible crystals of MgBSbg, the number of which increases
in the visual field with the approach of the alloy's composition to the com-

position of the compound.

Messuring Methods

Measurement of the temperature behavior of electrical conductivity cemnot
fully represent the mechanism of current transmission in matter. The sign of
the charge carriers, their concentration and mobility at a given temperature
can be determined by the simultaneous measurement of the Hall effect and therm-

oelectromotive force.

The method of measurement of electrical conductivity and thermo-EMF is
the usual compensation method. The sample, placed in special holders, was
heated above room temperature in an oven, the temperature of which was main-
tained constant with #n accuracy of plus of minus 0.5 degrees centigrade by
means of a thermocouple and thyratron thermo-regulator. Measurements at low
temperatures were carried or down to minus 183 de 'ees centigrade. The samples
fastened in the holders were placed in a closed glass or metallic test tube sunk i
into a Dewar flask with liquid oxygen or cooled by benzol or ethyl alcohol. i
The temperature was measured by a copper-constantan thermocouple pressed agalnst !
the sample. For the measurement of thermoelectromotive force a differential

thermocourle was used.

The Hall effect was measured with a constant direct current., The scheme of !

measurement was & compensation gcheme. Since preliminary measurements indicated :
the independence of the Hall constant upon magnetic field strength, the measure- i
ments were generally carried out for field strengths equal to 10,000 to 13,500 ;
oersteds. For the measurement of the Hall effect at low temperatures a special
flat Dewar flask was made,which was placed in a pole gap 2.5 centimeters wide.

- The sample in this case was immersed directly in the cooled liquid or placed in
a test. tubgumade:©f thin coppersfoil.

Dependence of Specific Electrical Conductivity Upon Temperature

From'!s great number of prepared samples more than 25 samples of alloys with
composition’'close to the stoichlometric compound Mgs3Sbp were measured in detail.
In Figures 2, 3, 4, 5 ‘are giver ~urves showing the Temperature behavior of elec-
trical conductivity for some samples. On the ordinate axis is placed ‘he loga-
rithmic value of electrical conductivity; on the abscissa is 1000/T, where T’.is
absolute temperature. The measurements of electrical conductivity were made in
the interval from minus 160 degrees centigrade to plus 350 (or 400) degrees cen-
tigrade. Some samples were studied up to 600 degrees centigrade. ¥Wor several
samples, the composition according to the data of chemical analys.s and the
Inlueslof gpeciric electrical conductivity at 20 degrees centigrade are shown

n Table 2,

GUMFIBENTIAL
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The curves of Figure 2 show that with increase in deviation of the alloy
from the composition corresponding to the compound Mg;Sbo the specific elec-
trical conductivity of the alloy increases. A simila® dependence is illustrated
in Figurer 3, 4, 5. It 1s necessary to note that the data of chemical analysis
is obtained for averaged tests made on & bar of the alloy, and not for the given 4
measured sample; therefore, it is imposeible to expect a more accurate relation [
between specific electrical conductivity and composition. The samples sawn
from the bars gave significantly larger scatter in the values of both electrical
conductivity and other properties (thermoelectromotive force and the Hall effect) i
than samples compressed from alloys grcund to a powder and then homogenized by ;
prolonged annealing at high temperatures in vacuo. The prolonged annealing, as i
a rule, increased the electrical conductivity of a sample approximately by one :
order of magnitude without changing the temperature coefficient dcr/dT essentially. i

Successive heating and cooling of the sample did not cause further irrever-
* sible variation in electrical conductivity. Such & phenomenon is observed also
in other semiconductors, during the pressing and c. inkering of samples prepared
from fine crystals, and is connected obviously vwith variations in the conditions
governing the contact of individual crystals with each other. The electrical
conductivity.of the samples under investigation varied from 102 to lO’s/ohm-cm.
The magnitude and sign of the temperature coefficient of electricdl conductivity
also varied in wide intervals. Among samples of poorly conducting alloys at
low temperatures, a small positive temperature behavior of electrical conductiv-
ity with increase in temperature is replaced by & rapid increase in sigma o,
following the ordinary exponential law of increase of electrical conductivity
with temperature among typical semiconductors. In this region of temperatures
the dependences log o= ff(l/T) are straight lines. The tangent of the angle
of 1nd£ination of these straight lines to the (1/T)-axis, multiplled by k, must
be equal to the chemical potential of the carriers that govern the conductivity
of the substance (electrons or holes). For low temperatures this chemical po-
tential approximetely equals half the dis..ace from the proper permissible band
to the level of the admixtures. For low temperatures this equals half the total
width of the forbidden zone of the crystal; that is, % -llE, where AE is the
width of -Ahe zone.

With increase in content, in the sample, of a surplus, relative to the
composition of the intermetallic compound MgaSby, of a metal, there is observed
a gradual displaceméent. of the region of inflexion toward the side of higher tem-
peratures, which (displacement) is accomparied by & gradual decrease in the slope
of the straight portions of the logarithmic curves.

The slloy samples with large excess of one component relative to the com-
position of the intermetallic compound are characterized by a gradual transition
to a metallic type of conductivity with a negatlve temperature coefficient of
electrical conductivity.

The width of the energy barrier surmountable by carricrs of a charge for
transition to the zone cf conductivity (the work of dissociation of the charges),
vhich (width) is determined from the slope of the logarithmic straight lines
(log o » l/T) in the region of high temperatures, is shown for a number of samples
in the sixth column of Table 2. The general behavior of the electrical conductiv-
ity with temperature for poorly-conducting samples of Mg3Sb2 can be represented

by the binomial formula: .
4 - 4E (1) :
o=Ae 2T + Ae 2KT .
v :
. -7 -
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The first term, where A, and AE; are small (A322.10-5 to 4-10-2;
AE,£20.05 to 0.10 V), predominates for lover temperatures.

The second term, where AEl varies in the interval 0.36-0.72eV and
Ap €1 to 20, predominates for higher temperatures. !

Specially conducted tests on the elesctrolysis of alloys, carried out
for temperatures from 20 to 350 degrees centigrade to determine the role of
the ionic current in electrical conductivity, give reasons to affirm that the
ionic part of sigms o in each case is less than 0.1 percent. It is possible
to consider that for all temperatures studied Mg3Sb2 is mainly an electron
conductor.

The £irst term of Equation (1) in all probability corresponds to an ad-
mixture; the second, to the natural or "proper" conductivity (eigenconductiv-
ity) of the substance.

The Hall Effect

The temperature behavior of electrical conductivity is determined rot
only by measurement of the concentration of carriers with temperature, but
also by measurement of their mobility. Study of the temperature dependence

» of the Hall constant permits one to determine the corcentration of electrons
in the zone of conductivity or of holes in the norma’ zone if one proceeds
from the atsumption that electrical conductivity ie governed by carriers of
Just one sign whatever it may be.

Moreover, the sign of the Hall effect corresponds to the kind of charge
carriers (electrons or holes), but in the case of composite conductivity it
indicates the pre-eminent role of ome or the other kind of carriers in the
passage of the current.

Measurements of the Hall effect were made by us for direct current by
means of an ordinary compensation scheme and covered an interval of temper-
atures from minus 170 to plus 350 degrees centigrade. The magnetic field
strength was generally 8,000 to 12,000 oersteds.

The temperature dependence of the Hall -onstent R, represented on the
coordinates log R and 1000/T for a number of samples, is shown in Figures

) * 6, T, 8. On the ordinate axis are also values of log n, where.n is ihe can-

-3 centration of charge carriers calculated on the assumption that the total
electrical conductivity is governed by the current carriers of just ore sign.
The constant of the Hall effect is expressed in units of cm3/abs.mp-sec. With
increasing temperatures the Hall constant of all samples studied by us de~
creases. For low temperatures the slope of the curve (log R, 1/T) is small.
This slope is proportiomal to A E;(or AEp), wvhere AE; is the depth of the
levels of the surplus metal under the zone of conductivity (AEQ 1s the
height of the admixture levels upon the filled zone).

The smell value of AE2 indicates that the "admixture" levels in Mg3Sb2
lie close to the filled zone. The quantity AE»‘ for samples with "hole" con-
ductivity lies in the interval 0.015 to 0.06 eV; that is, of the order of kT
for room temperatures. Witk increasing temperatures the slope of the curves
(log R, 1/T) increases and the magnitude of the Hall constent clearly converges
toward zero for temperatures 800 to 1,000 degrees centigrade. In this region,
Mg3Sb2 is a composite semiconductor, for which we have:

2 — 2 o
R — == 3T 2%~ "MeUgl (2)
8e (ﬁ, z(7+7122(3)1'
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vhere nj and np are the concentrations of the frae electrons and I>les; u) and
up are their mobilities.

In the speclal case where ny = ny *= n; that s, for & semiconductor with
natural conductivity:

T 3r M —Up = :
R= :tdzn u =+ e (3)
k that 1s, the variation of R 1s basicaelly determired by the quantity n, which

increases with temperature according to the following law:

—_— AE
NPy ==Pp = —_— ",
s ="z Voyn e 2KT
Here ’ (¥)

‘; y=2 _a%,’!‘é!sI) Y2 and vy =2 (27"M§k_7_‘) 3 : ]

where m; and mp ere the effecilve masses of the free electrons and holes, re-
spectively. This case exists for high temperatures, when n 1s large in com-
parison with the concentration of admixed atoms.

Thus, the slope of the rectilinear part of the curve (1og R, 1/T) in the
region of natural conductivity nust be proportional to AE, the width of the
forbidden zone. The sign of R must be negative, since it follows from the
theory of semiconductors that u; 1s greater than vj.

In our case the sign of the Hall constant for the whole temperature in-
terval and for all semples studied corresponded to "hole" conductivity. Measuxre-
ments at higher temperatures, where on the ebove-indicated basis one could have
expected variations, or reversals, in the sign of the Hall effect, were not
successfully effected by us because of & number of technical difficulties; meas-
urements for such high temperatures would be of great interest since one could
then give an accurate value for the width of the forbidden zone AE. On the
basis of prolonged measurements this quantity can be determined only approximately
with respect to the value 4R/dT of the high-temperature portion o’ the curve.

In Table 3 are shown the values of AEp and AE for several samples de-
fined graphically with respect to the temperature behavior of the Hall effect in
the region of low and high temperatures.

As should be expected, AE determined from the Hall effect is of the same
orden &8s the value of AE calculated from the temperature behavior of electrical
conductivity in the region of high temperatures.

The theoretical value of the energy Jjump AE for Mg3Sb2 , calculated by
Kontorova with the approximation that the electrons be weakly bound, equals 1.08 eV.

The average length L, of free flight for charged carriers in the Mg3Sb2 phase
can be evaluated with respect to experimental values of electrical conductivity,
concentration of carriers, and AE. The electricel conductivity of an admixed
semiconductor is:

— AE .
o= 0.024, nE TH-e ZKT ohm ™ e em™

(5)
Consequently, we have for the average free length:
— o e sk?
W= Goram T T (6)
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For samples No T (VII), 6 (VI), and 3 (VII), the calcul8ted values 6of L,
at 20 dggrqes centigrade turn out to equal, respectively, 3-107°, 4:1079, and
1.2:10°° centimeters. : !

1 o :

.

These vﬂues must be considered somewhat excessively lafge, since the con-
centration of carriers according tao the Hall effect is determined on the assump-
tiodi of only one sign of the carriers. . ’

We shall show that the length of' free flight, or path, in puge samples og
Ge 1is 5-10'6 to 10'10"6 centimeters, but for pure Si it is 1-107° to 2.9-107
centimeters /I5/. Both of these elements are typical admixed semiconductors.

The mobility of the charge carriers, for a given temperature T, of a seml-
conductor with a single mechanism of conductivity is:

Z cm &
wd cls  _ _em
3 (uUmk7 % velt-sec (7)

&nd 15 determined experimentslly as the product of the Hall effect constant
and electrical conductivity o ; that is:

_ 8 cm?Z ’
u—j_ﬁ-a_k volt-Sec (8)

If the average length Iy of free flight (path) is determined only by the
scattering of the electron waves on lattice oscillations, then I, varies in-
versely proportionally to temperature, but the dependence of mobility upon tem-
perature in this case will be: N

c
U==3," . (9)

where C ie a constant.

At low temperatures & notable role begins to be played by scattering upon’
the admixed atoms ("impurities") and upon other nonhomogeneities in the lattice,
which scattering is proportional to the concentration of the admixture and
slightly dependent upon temperature, decreasing the mobility according to a 3/2
law, '

In the case of composite ("additive") conductivity, comparison of theory
with experiment is quite complicated, since in the conductivity process both
.mechanisms (electron and hole) are combined, while in the Hall phenomena and
thermoelectromotive force part corresponding to the two forms of carriers thkay
are separate.

If one employs Foruula (8) for calculations, then for varicus samples of
the Mg38b2 phase the mobility (at 20 degrees centigrade will vary in & wide in-
terval from 0.01 to 50 cm2/volt-sec. As for the temperature behavior of mobility
only certain samples posses an approximate correspondence with elementary theory
(see, for example, the curve for sample FHo 5 in Figure 9); for most samples “he
temperature dependence of mobility is of quite another form (see the curviec for
samples No 3 (V) and 3 (VII) in Figure 9). The very small values of mobility.as
obtained by calgulation are probably governed by the composite conductivity of
the Mg3Sb2 rhase.

- 10 -

GURFIDENTIAL




- " ' I . b ’ ' ' 0 ' o N - -
| Sanitized Copy Approved for Release 2011/08/17 : CIA-RDP80-00809A000600340571-0
. | \

CONFIBENTIAL | 50X1-HUM

Thermoelectromotive Force

The thermoelectromotive force of MgiSbp Was measured relative to slow elec-
trons in the temperature range from -170 degrees centigrade to + 600 degrees
centigrade. The temperature difference at the end of a sample was determined
by a differential thermocouple and was 10 to 20 degrees centigrade. Thermoelec- ?
tromotive force and temperatures of & sample vere measured by Feysner's compen-
sator.

Most of the alloy samples prepared close to the Mg3Sb2 composition indicated
a "hole" nature, and only several samples indicatad an~electron nature (curves

of samples No 7 and 17 in Figure 10).

Semples with peor conductivity (0.0008 to 0.00002/chm-cm) are characterized
by a temperature dependence of thermoelectrumotive force, which is in rather
good agreement with theory. The thermoelestromotive forces of these gamples: de-
crease with increasge in temperature, according to the equatlon,

- . ok » __ _AE (10)
o= 1 - f@ z z§;7=

which represents the temperature deperdence of the thermoelectromotive force of
a semiconductc» with a single kind of charge carriers.

Here n, is the concentration of charge carriers in a semiconductor for T
approaching infinity; ¢ is the concentratiorn of electrons ju a metal; AE is
the work of dissociation of the carriers in & semiconductor,

For samples No 9 and 7 the quantity AE, defined graphically from the tem~
perature behavior of electrical conductivity, turned out to equal 0.42 and 0.4k
eV respectively. The function « = £ (T}, computed from Formula (10), is
shown in Figure 10 by dotted lines. As is seen, in the region of high tempera-
tures the coincidence of the theoreticel and expsrimental curves is rather satis-
factory, keeping in mind the low accuracy of determination of A E. Imn the re-
glon of low temperatures, as to be expected, the experimental values of o are
less than the theoretical ones because in this region an important role begins
to be played by the stoms of the admixture with lees work of dissociat.on.

The majority of samples weli-homogenized by prolonged annealing show an
anomalous behevior of thermoelectromotive forces: that is, increase in thermo-
: electromotive force with increasing temperature. The possible explanation of
r this fact shall be discussed later. The thermoslectromotive forces of such
samples usually equal 20 to 80 microvolts per degree centigrade at ~170 degrees
centigrade and ircreases up to 450-600 microvolts per degree centigrade at 350
to 400 degrees centigrade. The thsrmoelectromotive forces of poorly-conducting
samples of Mg3Sb2 at -130 degrees centigrade is of the orcer of 1.1 to 1.2 mil~
livolts per degree centigrade and decrsases to 300-350 microvolts per degree
centigrade at 400 degrees centigrade. The variations in thermoelectromotive
force with temperature are inverse. In Figure 11 ezre showa the values of thermo-
electromotive force and electrical conductivity for various samples of Mg38b2
at 20 degrees centigrade.

Heat Conductivity

At our request, T. V. Klassen determined the thermal conductivities of
several Mg-Sb alloy samples with a composition close to the stoichiometry of
Mg3Sb2. )

Thermal conductivity was measured in four homogeneous samples. The coef-
ficient of thermal conductivity was determined as the average of 6 to 8 measure-
ments. In Table 4 are shown the electrical corductivity sigma o at 20 degrees

e centigrade and the thermal conductivity lambda A for t': average temperature of

o g - 11 -
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: a sarple at 60 degrees centigrade. The %emperature drop in a sample vas generally
. 15 to 25 degrees centigrade. In Table 4 are shown_for comparison the values o
' and N for pure Mg and Sb at room temperatures /16 /.

The maximum relative error in the determinstion of A\ was 6 percent. Extra-
polation of thermal conductivity to the value ¢ = O gave for the thermal con-
ductivity Of the latiice of pure Mg3Sbp a quautity of the order of 0.0023 cal/

cm-8ec-©C,

Discussion of Experimental Date

Analysis of the experimental data permits one, as it seems to us, to make
the following coanclusions with sufficient grounds. The inte metallic compound
MgzSbo, @ typical representative of constant-ccrpaison phases, is an admixed
semiconductor according to its electrical properties.

The width of the forbidden zone in a system of energy levels of this com-
pound equals 0.65 to 0.80 eV. The electrical conductivity of samples close ib
composition to the stoichiometry of Mg:Sby is from 10-% to 10-5/ohm.cm; that is,
109 to 1010 times less than the specific conductivity of the metals composing
this compound. Small deviations from stoichiometry lead to a sharp variation in
the electrical properties of the compound; that is, to an increase in electrical
conductivity and a decreasse in thermoelectromotive force. An excess of one or
the other component causes local levels in the forbidden zone, which lie a emall
distance from the upper edge of the filled zong or two _conductivity zones. Even
a negligiblé admixture with concentrations lO‘H to 10-5 gives very much greater
charge-carriers than it can give thermal excitatiocs in the basic lattice of Mg3Sb2.
Only at very high temperatures does natural electrical conductivity begin. Par-
allel with electrical conductivity thermal conductivity varies also, equal, for
pure Mg3Sbo , to 0.1023 cal/bmvsec-OC vhich 18 160 times leas than the thermal con-
. dqctivi%y of Mg. A small concentration of free charge carriers in Mg3Sb2 , deter-
- mined from the Hall effect, is clearly insufficient for the creation Of the metal-
Ligwbolg.and gsnhot ensure the properties of a s0lid. The bond forces in this
intermetallic compound possess another derivation coinciding with the valence bonds
of ionic crystals. This is indicated by the structure of the compound, character-
ized (structure) by a smell coordination number and by & high melting point and
large heat of formation, rsathing 13.7 kilocal/g mol. The overwhelming majority
of semicoaductors also possess heteropolar lattices constructed of positive metal
and negative metal atoms. In the case of Mg sz, these are ions of Mg+t and
f‘ Sb~"" . 1In lattices of this type the internal potential ie periodic and conse- '
quently the energy spectrum of electrons will represent a system of zones of var-
jous lagging parts.

o Among the zones of the spectrum it will be possible to distinguish two types
"Tﬁ of zones: zones originating from terms of the metalloid atom and zones originating
from terms of the metallic atom.

The distribution of electrons according to the termg in a magnesium atom are:
(ls)g, (25)26 (2p)®, (38)2. 1In the antimony atom: (18)2, (28)2, (2p)6, (35)2,
(3038, (30)10, (4s)2, (kp)®, (ka)10, (58)2, (5p)3. '

. In MgsSby crystals, zome (5p) of Sb lies directly under zone (3s) of'Mg. In
zone (38) Of Mg it would be necessary to distribute 3-2 N electrons, where § is the .
number of Mg,Sby molecules per unit volume. In zone (5p) of Sb there are 6.2N = 12N
places from which 3-2N = 6N places are taken by electrons; these places are naturally
.. filled by valence electrons passing from the higher (3s) zone of Mg. Thus zone (3s)
remaing quite empty and becomes & zone of conductivity, but zone (5p) of Sb turnms out
to be completely filled by electrons and represents a normal zore. The distribution
of the valence electrons of Mg in the zone forming the term (5p) of Sb indicates the
ionic character of the bond in the compound of Mg Sb,, where the role of the metal-
loid ion is played by Sb ~--. 3
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For a more detailed discussion of the results of measurements let us turn
our attention toward two peculiarities: (a) the anomalous behavior of thermo~
electromotive force with teaperature for most samples with hole conductivity,
that is, incresse in thermoelectremotive force with temperature (see "Thermoelec-
tric Force"), uad (b) very small values of hole mobility in a number of samples
obtained (values) from measurements of electrical conductivity and the Ball ef-

fect.

Mobility of the order of 0.1 to 0.01 cm?/volt.sec 1s sligntly probable
for electrons and holes in a crystellic lettice, all the more so since values
of mobility for holes of the order of 50 cm@/volt-sec were obtained at 20 de-
grees centigrade for & number of Mg3Sb2 sampl=s .

We consider that the above-mentioned phenomenz can be explained by the
presence of composite conductivity.

The basis for such an assumption is a comparison of {a) experimental
values of thermoelectromotive force in various MgsSb, samples es a function of
the concentration of charge carriers, determined concentration) by Hell meas-
urements, with (b) the theoretical curve o={ (log n) calculated for an iomic
semiconductor with & esingle sign of the charge carriers 117:

Tz

i 2(2nmay #T)% 1

xX= = 'g‘jr[a-f-,ﬂ’n ———————-——-hat-t— dT. (11)
7

In Figure 12, line 1 is calculated from the formula. Departures frow
this straight line can be considered a5 zan indication of the composite charac-
ter of conductivity or the nonhomogeneous compnsition of t..2 gample. Curves
2 and 3 are obtained for two Mg3Sbo samples. At high temperatures, the experi-
mental curves approximate the tﬁeoreticel ones, which fact is revealed by the
gredual increase in the role of only one kin of carrlers (in our case, holes ).
The composite conductivivy for obtaining such a deviation from the theoretical
dependence =¥ (log n) for a semiconductor with & single sign of conductiv-
ity is governed by such a mechanism.

Thus, Dunayev [i§7 obtained similar results by preparing mechanical (phys-
ical) mixtures cof various composition from powdere of electron and hole Pb3.
It is possible to establish several causes for the formation of composite con-

ductivity in Mg3Sb2.

1. The anisotropy of the energy zones of a crystal can lead to the sim-
ultaneous existence of electron and hole conductivity in a lattice, which, how-
ever, is hardly -applicable to the given case since the anisotropy of such a
kind would have been observed only for conductivity of the metallic type; that
is, in the absence of the forbidden zone. The presence of the forbidden zone
in the energy spectrum of electroms in the Mg35b2 phase we consider proved as
given in this article and as revealed by the 2xistence of the internal photo-
effect, concerning which greater detail will be given in a separate article.

2. Semicrystallic samples of alloy can be a constant mechanical {physical)
mixture of fine ~rystals with hole and electron conductivity which crystsls are
formed during ..c procese of preparation of the samples because of the reaction's
proceeding nonhomogeneously in the volume and because of the nonequilibrial dis-
tribution of excess Mg or Sb atoms in the lattice of the compound.

With the aim of clarifying such a possibility, we prepared several fine
microsections of various Mg3Sbp samples and carried out on them measurements of
the sign.of the thermoelectromotive force for separate individual portions of the
microsections (microcrystals and intercrystallic layers) by means of a special
microthermo-probe (sounder). The mobile electrode of the thermo-probe was manip-
ulated by means of & micrometric screw under a microscope, on the stage of which
the sample under study was fastened. A preliminary microphotograph was taken of

- 13 -
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the samp® upon which (photograph) the signs of thermoelectromotive force
were direci.y drawn for various portions of the semple. One of the photo-
graphs showed a sample of an alloy containing 50 weight-percent Mg and 50
weight-percent Sb. The large dak crystals observed represented intermetal-
1lic compound Mg.St During an investigation with the thermo-probe all crys-
tals showed a péei ive sign of thermoelectromotive force corresponding to
hole conductivity. The remaining part of the alloy had electron conductiv-
ity. In a microphotograph of & sample of an 2lloy close in composition to
the stoichiometry of Mg Sb2 all the crystals visible possessed hole conduc-
tivity and only the narfow inter-crystal layers had electron conductivity.
Such samples obviocusly cannot be considered completely homogeneous.

3. The crystals of the intermetallic compound can possess composite
conductivity because of the simultaneous presence of local accepntor and
donor levels.

The choice between mechanism 2 and mechanlsm 3 requires mere detailed
investigations conducted as far as postcible on morocrystals.

In conclusion, we should like to note once more than further detailed
study of the physical properties of iptermetallic compounds of constant, or
f.xed, composition is of positive interest to possible téchnical applications,
as well as to theory. .

The authors express their thauks to academician A. F. Toffe for his con-
stant interest toward this work and valuable advice.
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Table 1. Compounds of Mg with Eleuents of the I-VII Groups

Zin;.,l 's Boundary

v v v ViI
MgpSi Mg3Pp Mgs MgCly
Mg Ge M83A52 MgSe MgBry

MgySn MgsSby  Mele Mg, P

=

Mg,Pb Mg3Bip g

Structures characteristic
of metals and alloys
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Structures characteristic of
salt-forming compounds

Type Type Type Type
CaFy 1304 ReCl CdCly 50X1-HUM
and ZnS  and CdIp
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Table 2.

Composition of Sample Excess of Metal Specific

in Weight % Over Stoichio- Electrical
No ‘of metric Composi- Conduotivity AE
Semple Sb Mg tion in % in /obm-cm in eV Note

1 ©78.7 21.3 7.5 51.2 Sawn from bar
2 72.0 28.0 6.3 6.4 " L
3 73.8 26.2 k.0 0.4 " now
4 T%.5 25.5 3.1 0.025 " woom
' 5 76.2 23.8 0.9 0.00081 0.47 " "o
6 (Ser VI) 76.8 23.2. 0.2 0.032 0.43 Annealed 24 hr at 600°.c
Crystal sample
7 (Ser. VII) 76.9 23.1 0.1 0.000025 0.58 Pressed annealed sample
(600°¢, 24 br) :
3 (Ser V) 7.4 22.6 1.9 7.85 Sawn from bar <
1 (Ser. VI) 75.35 24,65 1.77 0.56 " noon L
it 3 (Ser VII) 76.6 23.4 0.4 0.016 0.36 Poorly homogenized . 3
[ coarse crystal sample
- 10 () -- - - 0.00028 0.59 Homogeneous sample
! -- -- - 0.000035 0.72 " "
»
-
—

50X1-HUM
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AE in eV

Table 3
No of Sample AE, in eV
1 (crystallic) 0.035
7 (VIX) 0.05},
6 (v1) 0.02,
3 (vir) 0.055
3 (V) 0.015
5 (sawn) 0.023
Table 4
Sample o-/ohm.cm
1 0.77-10%
2 0.36-10’,:
3 0.30°10
i 0.22+102
Mg 22.1+-10u
Sb 2.57°10
-18- 7
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